A novel atmospheric methanol measurement technique, employing selective gas-phase catalytic conversion of methanol to formaldehyde followed by detection of the formaldehyde product, has been developed and tested. The effects of temperature, gas flow rate, gas composition, reactor-bed length, and reactor-bed composition on the methanol conversion efficiency of a molybdenum-rich, ironmolybdate catalyst [Mo-Fe-O] were studied. Best results were achieved using a 1:4 mixture (w/w) of the catalyst in quartz sand. Optimal methanol to formaldehyde conversion (>95% efficiency) occurred at a catalyst housing temperature of 345 • C and an estimated sample-air/catalyst contact time of <0.2 seconds. Potential interferences arising from conversion of methane and a number of common volatile organic compounds (VOC) to formaldehyde were found to be negligible under most atmospheric conditions and catalyst housing temperatures. Using the new technique, atmospheric measurements of methanol were made at the University of Bremen campus from 1 to 15 July 2004. Methanol mixing ratios ranged from 1 to 5 ppb with distinct maxima at night. Formaldehyde mixing ratios, obtained in conjunction with methanol by periodically bypassing the catalytic converter, ranged from 0.2 to 1.6 ppb with maxima during midday. These results suggest that selective, catalytic methanol to formaldehyde conversion, coupled with existing formaldehyde measurement instrumentation, is an inexpensive and effective means for monitoring atmospheric methanol.
Introduction
Methanol mixing ratios between 1 and 20 ppb are commonly observed in the planetary boundary layer (Heikes et al., 2002) , often making it the second most abundant organic trace gas after methane. Methanol can play an important role in upper tropospheric photooxidant chemistry via its contribution to the HO x budget after its oxidation to formaldehyde (Tie et al., 2003; Singh et al., 1995 Singh et al., , 2000 Singh et al., , 2004 . Several studies have reported and discussed methanol mixing ratios in the troposphere (Kelly et al., 1993; Goldan et al., 1995a Goldan et al., , b, 1997 Lamanna and Goldstein, 1999; Holzinger et al., 2001; Schade and Goldstein, 2001; Karl et al., 2001 Karl et al., , 2003 Singh et al., 1995 Singh et al., , 2000 Singh et al., , 2004 . Atmospheric sources and sinks of methanol have been discussed in four recent publications by Galbally and Kirstine (2002) , Heikes et al. (2002) , Tie et al. (2003) , and Singh et al. (2004) . Although the groundwork for understanding the global cycling of methanol has been laid, the distribution and magnitude of sources and sinks and environmental factors affecting them are still uncertain. More experimental measurements of methanol are needed to improve our knowledge of methanol production and processing in the environment.
Measurements of atmospheric methanol have been made using a variety of techniques under various circumstances. Techniques include photoacoustic spectroscopy (PAS) (Repond and Sigrist, 1996 ; Prasad and Thakur, 2003) , Fourier transform infrared spectroscopy (FTIR) (Yokelson et al., 1997 (Yokelson et al., , 2003 , pre-concentration followed by gas or liquid chromatography (Snider and Dawson, 1985; Goldan et al., 1995a, b; Riemer et al., 1998; Lamanna and Goldstein, 1999; Nguyen et al., 2000; Schade and Goldstein, 2001; Kesselmeier et al., 2002; Millet et al., 2004; Singh et al., 1995 Singh et al., , 2000 Singh et al., , 2004 , and chemical ionisation mass spectrometry (CIMS) (Lindinger et al., 1998; Holzinger et al., 2001; de Gouw et al., 2000 de Gouw et al., , 2003 Karl et al., 2001 Karl et al., , 2003 . In spite of this impressive array of tools, the experimental measurement of methanol at typical tropospheric abundances can still be quite challenging. While photoacoustic spectrometers can be field portable and run unattended for long periods of time, they lack sensitivity to measure methanol at relevant concentrations in much of the troposphere. A similar situation holds for FTIR, which requires a very long path length in order to achieve useful limits of detection. Methods designed to preconcentrate/trap methanol, such as carbon-based adsorption cartridges, exhibit low trapping efficiency compared to other VOCs (Qin et al., 1997) . While gas or liquid chromatography can readily separate methanol from other species, detection of the methanol following separation can be inefficient. For example, gas chromatographic flame ionisation detectors (GC-FID) show poor response for methanol compared to other VOCs (Lamanna and Goldstein, 1999) . CIMS, while sensitive and selective for methanol (de Gouw et al., 2003) , is still quite expensive and not yet easily field transportable. Methods that will improve sensitivity, portability, and cost of ambient methanol mixing ratio measurements are clearly desirable.
A variety of measurement techniques also exist for the measurement of formaldehyde and are reviewed in Kleindienst et al. (1988) , Vairavamurthy et al. (1992) , and briefly in Clemitshaw (2004) . Intercomparisons among various formaldehyde detection methods have also been carried out in Gilpin et al. (1997) and Cárdenas et al. (2000) . Although formaldehyde can also be a challenge to analyse, over the last 20 years high quality measurements of formaldehyde have been established using wet-chemical techniques Dasgupta, 1986, 1987; Fan and Dasgupta, 1994; Heikes et al., 1996; Dasgupta et al., 1988 Dasgupta et al., , 1998 Dasgupta et al., , 1999 Li et al., 2001) . Such instruments are relatively inexpensive, have a detection limit in the mid-ppt (parts per trillion) range, are commercially available, run essentially continuously, and are highly selective for formaldehyde. It would be a clear advantage if these techniques were adaptable to the measurement of methanol. In the chemical industry, oxidative dehydrogenation of methanol to formaldehyde is key to the manufacture of formaldehyde (Gerberich et al., 1980) . Methanol to formaldehyde conversion is accomplished by passing methanol vapour in air over a heated, chemically selective catalyst and collecting the resulting formaldehyde product from the exhaust stream. Using the same process for atmospheric measurements, if gas-phase methanol in the troposphere can efficiently and selectively be converted to formaldehyde, then capabilities of existing atmospheric formaldehyde measurement instrumentation can be expanded, simply and at low cost, to include methanol.
We tested the performance of a selective methanol to formaldehyde catalytic converter for atmospheric methanol measurements. Optimum temperature, flow rate, catalyst bed composition, and air/catalyst contact times were determined for this portable catalytic converter interfaced with a commercial formaldehyde measurement device. Potential interferences due to catalytic conversion of methane and several VOCs to formaldehyde were also examined and finally, real air samples were used to demonstrate the feasibility of the method.
Experimental
2.1 Catalytic converter 2.1.1 Catalyst All of the iron molybdate catalyst used for this study was prepared in laboratories at the Universidade Tecnica de Lisboa, Portugal and a full description of its preparation and characterisation is given elsewhere (Soares et al., 2001 (Soares et al., , 2003 . Briefly, the molybdenum (Mo) rich iron molybdate catalyst (atomic ratio Mo/Fe=3; Fe 2 (MoO 4 ) 3 .3MoO 3 ) was coprecipitated from aqueous solutions of iron nitrate and ammonium heptamolybdate. The yellow-green precipitate was ripened in contact with mother liquors at 373 K for 3 h. Finally, the precipitate is filtered, dried at 393 K overnight and calcinated. Calcinations were performed at 648 K for 10 h in a flow of air.
Reactor
The reactor constructed for catalytic conversion of gas-phase methanol to formaldehyde consisted of a stainless steel tube 15 cm in length and having ∼1 cm ID (inner diameter) and ∼1.27 cm OD (outer diameter) embedded in a heated aluminium block. The tube, through which sample air was passed, was partially filled with a catalyst bed consisting of a mixture by weight of iron molybdate catalyst and quartz sand (0.5 mm average grain diameter). The quartz sand served as an inert substrate that evenly distributes the catalyst and that allows the sample air to flow evenly across the diameter of the tube, thereby increasing catalyst/methanol contact. The catalyst bed, filling various fractions of the total tube length, was held in place at the middle of the tube by filling the remainder with glass beads and glass wool. The ends of the tube were then fixed using 1 2 " to 1 4 " swagelok reducing unions. The aluminium block for the reactor bed was heated with a commercial cartridge heater with embedded thermocouple (350 W, Ihne & Tesch HPS 10D, 100L). The temperature of the block was maintained using an electronic temperature controller (TC-Direct, Germany). The catalyst assembly was surrounded by Silcapor ultra 100-23 insulation and placed inside a metal box.
Formaldehyde detection
A commercial, wet-chemical formaldehyde measurement instrument (Alpha Omega Power Technologies, Model MA-100) was employed for all measurements and is hereafter referred to as the methanalyser. A more thorough description of this and related instruments are given in (Li et al., 2000; Fan and Dasgupta, 1994) . This particular instrument consists of a Nafion-membrane diffusion scrubber integrated with an automated, liquid reactor. Air is passed through the scrubber at a constant flow of 1 L min −1 and formaldehyde in the air diffuses through the membrane into a counter-flow of water. Formaldehyde in the water is then transferred continuously to the liquid reactor where it is combined with 2,4-pentanedione reagent and ammonium acetate buffer. The ensuing Hanztsch reaction with formaldehyde leads to a strongly UV-absorbent dihydropyridine product, which is continuously monitored via its fluorescence.
For these experiments, the scrubbing water and all reactor solutions were prepared using high purity Millipore water. Analytical grade 2,4-pentanedione, ammonium acetate, and glacial acetic acid were purchased from ALDRICH, Germany and used without further purification. Solutions for the methanalyser were prepared according to specifications provided by the instrument manufacturer.
2.3 Calibration and air sampling 2.3.1 Permeation source A KIN-TEK (LaMarque, Texas, USA) gas standard generator was used to generate a trace formaldehyde standard with mixing ratios between 2 and 20 ppb used to calibrate the response of the methanalyser to formaldehyde (Fig. 1) . A permeation tube (VICI Metronic), rated to release 12 ng min −1 ±15% formaldehyde was maintained at 50 • C under a steady flow of N 2 gas. The quoted permeation rate was further verified by periodic weightings and revealed a loss of mass over time of 11.4±0.2 ng min −1 , in good agreement with the quoted value. Output of the permeation source, diluted by N 2 gas, was fed to the calibration gas port of the methanalyser for periodic sampling or could be fed directly to the sample inlet of the methanalyser.
Methanol standard
Trace methanol mixing ratios were produced by dilution of a standard of methanol in N 2 having a certified concentration of 20.4 nmol mol −1 (Messer Griesheim, Germany). Diluting gas was either compressed air or a high purity O 2 /N 2 mixture first passed through a cartridge containing an oxidation catalyst ( 1 8 ", Carulite 200, Carus Chemical Company) to remove formaldehyde impurities from the gas stream. Standard tank and dilution gas flow rates were controlled using appropriate mass flow controllers from MKS instruments.
Air sampling
Ambient air was sampled at approximately 1.6 L min −1 through a 2 m long 0.63 cm OD PFA Teflon line using a Teflon pump (KNF Model N86 KTDC B). The pump air output could be automatically diverted, using a 3-way PFA Teflon valve (Metron Technologies, Germany), to pass either through or around the catalytic converter. For methanol measurement, air was pushed through the heated catalyst bed, cooled, and the effluent sub-sampled at 1 L min −1 into the methanalyser. For formaldehyde measurement, the valve was switched so that sampled air bypassed the catalytic converter and again was sub-sampled at 1 L min −1 into the methanalyser. The output of the methanalyser instrument was collected using a PCMCIA data collection card (NI DAQ 6024E, National Instruments Inc.) installed in a portable computer and controlled using a custom Lab View 6.1 programme. Timing of valve switching was also coordinated by the Lab View programme.
Air residence time and cooling
Under optimum conditions, the catalyst/quartz sand mixture filled 12 cm of the tubing or a volume of ∼9.4 cm 3 . Of this volume the sand/catalyst mixture itself occupies approximately half as calculated from the density of quartz (∼2.7 g cm −3 ) and the mass of sand/catalyst mixture added (∼13.0 g). Using this interstitial air volume and sample airflow of 1.6 L min −1 yields an estimated air/catalyst contact time of less than 0.2 s. Although this residence time is short, at high flow rates, sample air is quite hot upon exit from the catalytic converter. High air temperatures negatively affected the performance of the methanalyser instrument for formaldehyde detection. Therefore, hot effluent was first sent through 41 cm of a 0.63 cm OD stainless steel tubing immersed in a container filled with non-circulating water. Increased radiative cooling due to this bath was sufficient to cool the air to a temperature of approximately 40 • C prior to sampling by the methanalyser.
Results and discussion
3.1 Catalyst characterisation 3.1.1 Conversion efficiency For this methanol monitoring scheme, it is important that methanol be quantitatively converted to formaldehyde and that none of the formaldehyde product be lost en-route to the formaldehyde detector. The efficiency or yield of the reactor, defined here as the ratio of the number of moles of formaldehyde detected to the number of moles of methanol entering the catalytic converter, needs to be as close as possible to 1 in order to provide maximum sensitivity for a measurement of atmospheric methanol. Among other factors, the catalyst bed temperature, the number of moles of catalyst accessible for conversion, the number of moles of methanol present in sample air, air/catalyst contact time and composition of the gas passed through the converter all influence conversion efficiency.
3.1.2 Effects of reaction temperature, flow rate, and catalyst mass Figure 2a depicts catalyst conversion efficiency as a function of the temperature of the reaction bed housing for two different catalyst/quartz sand mixtures and for two different bed lengths of these mixtures. For these experiments, the methanol standard was diluted with compressed air to a methanol mixing ratio of 10.5±0.04 nmol mol −1 and sub-sampled through the catalytic converter at a flow rate of ∼1.6 L min −1 . While sampling this methanol standard, the temperature of the catalyst bed housing was systematically changed and the resulting formaldehyde concentrations observed with the methanalyser. For both 1:4 and 1:5 catalyst/quartz sand mixtures and both 8 and 12 cm bed lengths, a broad maximum of conversion efficiencies was observed for catalytic converter temperatures between 325 and 440 • C. This result is consistent with previous studies (Soares et al., 2001; Chu et al., 1997) . Increasing the catalyst bed length from 8 to 12 cm, using a 1:5 catalyst/quartz sand mixture, increased the efficiency in this temperature range from approximately 75% to 80%. With all other variables being constant, the increase in bed length increased the catalyst/sample interaction time and showed the expected efficiency increase. Further improvement, with an ultimate efficiency greater than 95%, was achieved for a 1:4 catalyst/quartz sand mixture and 12 cm catalyst bed length. Thus, increasing the amount of catalyst accessible for conversion also showed the expected increase in conversion efficiency. Methanol conversion efficiency was also examined as a function of gas flow rate through the catalytic converter as this parameter directly affects the catalyst/sample interaction time and therefore efficiency. In these experiments, methanol standard gas flow rate through the catalytic converter was varied while maintaining a constant methanol mixing ratio of 10.5±0.04 nmol mol −1 and a constant catalytic converter housing temperature of 345 • C. The results are shown in Fig. 2b . Maximum conversion efficiency was 91±0.1% and 95±0.1% for the 1:5 and 1:4 mixtures respectively at 1.6 L min −1 . Methanol to formaldehyde conversion efficiency varied little at low flow rates, but decreased suddenly as flow rates exceeded 2 L min −1 . At flow rates lower than the 1.6 L min −1 optimum, conversion efficiency also decreased slightly. Although methanol may have been quantitatively converted to formaldehyde at these lower flows, some further catalytic decomposition of the formaldehyde or other loss process may have occurred during its longer residence in the reactor. Increasing the time intermediate species remain in contact with the active sites on the catalyst surface can lead to secondary reactions including the re-adsorption of the formaldehyde formed. The recent work by Kim et al. (2004) points out that formaldehyde can be subsequently oxidized to carbon monoxide at low flow rates, although other products may also be formed (Soares et al., 2005) .
Effect of carrier gas composition and total methanol concentration
Conversion efficiency at a single reaction bed length, catalyst/quartz sand mixture, and catalytic converter temperature was tested using pure nitrogen rather than compressed air as the methanol standard dilution gas. The result of removing oxygen from the catalyst bed was a reduction in efficiency by about 42% (Fig. 3) . This can be rationalised based on previously proposed mechanism for methanol to formaldehyde conversion, one path of which involves formation of a methoxy radical intermediate (Chu et al., 1997) .
In the absence of oxygen, no methoxy radical is formed and less formaldehyde is produced. However, formaldehyde is compressed air nitrogen Fig. 3 . The formaldehyde yield for methanol standard dilution in compressed air (blue) and nitrogen (red) as a function of methanol volume mixing ratio.
still produced and there is experimental evidence that oxygen from the lattice structure can participate in the methanol to formaldehyde oxidation reaction (Pernicone et al., 1969; Liberti et al, 1972) . Thus, in the absence of oxygen in the reaction mixture, the catalyst surface becomes reduced, which decreases catalyst activity and selectivity.
It is reasonable to expect that at some high methanol mixing ratio, the exposed catalyst will become saturated with methanol molecules. At this point, further increase in methanol mixing ratio will not be accompanied by an increase in formaldehyde production and conversion efficiency will drop. Figure 3 shows the conversion effeciency as a function of methanol mixing ratio using a 12 cm reaction bed, a 1:4 ratio of catalyst/quartz sand, and a catalyst housing temperature of 345 • C. Efficiency decreased significantly beyond methanol mixing ratios of approximately 35 ppb suggesting that additional catalyst mixture may be required in environments with very high methanol abundance. For more typical methanol mixing ratios (up to 30 ppb), the current catalytic converter configuration is sufficient.
For this configuration, Fig. 4 shows the linear relationship between methanol concentration and methanalyser response. The average r 2 (coefficient of determination) value for all calibration curves measured over a 6-month period was 0.986 suggesting a relative error of 1.4%. Combining this error with the stated 5% methanol standard uncertainty leads to a methanol measurement accuracy of better than 6% between 1 and 20 ppb.
Related to the maximum working concentration of the catalytic converter is degradation of performance over time or the gradual poisoning of the catalyst. Possible mechanisms for catalyst deactivation are discussed in Soares et al. (2001 Soares et al. ( , 2003 . For this work, repeated measurements of the conversion efficiency throughout a period of six months (data not shown) indicate little or no degradation in performance. However, possible impairment of catalytic converter performance during extended atmospheric sampling, where a larger variety of chemicals is sampled, remains to be tested. 
Interference studies
The catalyst, though promising for effective and selective methanol conversion, may also produce formaldehyde by the oxidation of other atmospheric trace gases. If methane, certain alkenes (e.g. isoprene), or another trace gas having comparable mixing ratio to methanol was to produce formaldehyde upon contact with the catalyst, methanol quantification could become problematic. Although a variety of studies have reported on the conversion of methane to methanol and formaldehyde using supported ferric molybdate catalysts at temperatures around 400-500 • C and pressures from 1-60 bar (Brown et al., 1991; Chun and Anthony, 1993; Chellappa and Viswanath, 1995) , there are no reports describing methane conversion to formaldehyde at temperatures below 400 • C. In studies where conversion is observed, catalyst surface areas were up to 50 times higher than those of the catalyst used here. The only literature we could find describing alkene reactions using a catalyst similar to that used in this work (ethene; Martin et al., 1993) did not report formaldehyde production. While possible reasons behind the selectivity of iron molybdate catalysts for methanol is discussed in general in Cheng et al. (1997) , no other interference tests pertinent to our own studies were mentioned.
We tested the catalytic converter for possible interferences from methane and a variety of common atmospheric VOCs including isoprene, ethanol, benzene and acetone. For these experiments, either a standard tank containing methane (15 ppm, Linde, Germany) or a mixture of acetone, ethanol, benzene, and isoprene (23.1 ppm±5%, 5.82 ppm±3%, 10.7 ppm±2%, and 6.59 ppm±10% respectively, Messer Griesheim, Germany) was diluted using synthetic air. Methane was diluted to final concentrations of 1.76 ppm and 1.06 ppm while the gas mixture was diluted to final isoprene concentrations of 2 and 55 ppb. These mixtures were then passed separately through the catalytic converter at a flow rate of 1.6 L min −1 under optimal catalytic methanol conversion conditions. The temperature of the catalytic converter housing was varied while monitoring the resulting formaldehyde mixing ratio, and the results of these experiments are illustrated in Fig. 5 . No appreciable conversion of methane to formaldehyde was observed at a representative methane mixing ratio of 1.76 ppm and catalyst temperatures up to 450 • C. Above 460 • C increasing methane to formaldehyde conversion was observed, suggesting new energetic access to an efficient conversion process. None of the other four VOCs tested produced any measurable amounts of formaldehyde, even at mixing ratios significantly higher than would be expected for these compounds in the atmosphere. Although more thorough and comprehensive testing of interference is warranted, these initial results suggest that under the current temperature and flow conditions most atmospheric VOCs with mixing ratios comparable to methanol and with the potential to produce formaldehyde upon oxidation should exhibit no interference.
Atmospheric measurements
Atmospheric air sampled from the roof of the Institute of Environmental Physics building on the south side of the University of Bremen campus (53 • 5 N, 8 • 49 E) was analysed for methanol and formaldehyde from 1 to 15 July 2004. The results are shown in Fig. 6 . Formaldehyde and formaldehydecorrected methanol mixing ratios for the complete period are presented. The respective meteorological data were provided by the Deutsche Wetterdienst (DWD) and were acquired from a weather station approximately 5 km to the Southwest. Although this period was unusually cold and rainy methanol still showed a pronounced diurnal cycle. Mixing ratios of methanol ranged from 1 to 5 ppb with peak values at night. Lower mixing ratios were observed during days 190-192 and 194-195 . Both of these time periods were also associated with low atmospheric pressure. The nocturnal maxima were likely due to the prevention of efficient turbulent mixing in the nighttime boundary layer while methanol emissions continued, a common feature also found for methanol at other sites (Holzinger et al., 2001; Schade and Goldstein, 2001; Schade and Custer, 2004) . We cannot find consistent features in the data that would suggest a significant contribution from anthropogenic sources such as car traffic. However, the measurement location was not well suited for such an analysis. Rather, we used back trajectory analysis with the NOAA HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory) model (Draxler and Rolph, 2003) to analyse large-scale features. The model results indicate a frontal passage over Bremen over days 191 and 192 . The change in air mass associated with passage of this low-pressure system was likely the origin of the decrease in methanol mixing ratio during this time.
Formaldehyde also showed a prominent diurnal cycle. Its mixing ratio ranged from 0.2 to 1.6 ppb and peaked during midday. The midday maximum for formaldehyde is an expected result due to its photochemical source from the oxidation of hydrocarbons. Probably as a result of the relatively low ambient temperatures during this period, both methanol and formaldehyde mixing ratios were low when compared to previous studies. In an attempt to connect methanol and formaldehyde mixing ratios with the meteorological parameters, we carried out a simple factor analysis (Lamanna and Goldstein, 1999) whose results are given in Table 1 . Interestingly, methanol showed a significant correlation with pressure and relative humidity while formaldehyde correlated better with solar irradiance and temperature.
As these methanol measurements are consistent with previous long-term measurements (Schade and Goldstein, 2001; Holzinger et al., 2001) , they support the notion that the atmospheric methanol abundance is influenced more by the air mass origin and biogenic emissions than by anthropogenic emissions. 
Conclusions
Gas phase conversion of methanol to formaldehyde using an iron molybdate catalyst was investigated as a simple and accurate way to measure atmospheric methanol using commercially available wet-chemical formaldehyde monitoring equipment. Maximum methanol to formaldehyde conversion efficiency of 95% was obtained using a catalyst bed temperature of 345 • C and an air/catalyst contact time of less than 0.2 s. This high efficiency remained unchanged over a period of several months of measurements for which the catalyst was used. Interference studies showed that neither methane nor a mixture of common atmospheric VOCs having significant ambient mixing ratios produced formaldehyde when passed over the Mo-Fe-O catalyst under optimum conditions. Though we have not studied all potentially interfering atmospheric VOCs, the fact that the combined high concentration mixture of a double 1-alkene (isoprene), an aromatic compound (benzene), an alcohol (ethanol), and a carbonyl (acetone) did not produce any significant formaldehyde signals, makes us confident that the catalyst is essentially bias-free for most atmospheric sampling applications. We used the optimised reactor coupled with the wet chemical formaldehyde detector for atmospheric measurements of formaldehyde and methanol. Both methanol and formaldehyde showed diurnal features consistent with previous atmospheric measurements of these VOCs, providing further confidence into the capability of the method. This selective catalytic conversion technique shows great promise as a simple, efficient, transportable, and very affordable method for atmospheric methanol measurements.
